Creatinine plays a key role in the function and maturation of fetal kidneys throughout pregnancy. It is important to identify other markers that may help in the diagnosis of renal dysfunction. Our aim was to determine the profile of and the correlation between biochemical markers to be used to assess renal function and maturation of the fetus in the amniotic fluid during pregnancy and to determine the distribution of normal values for creatinine, N-acetyl-ß-D-glucosaminidase (NAG), ß2-microglobulin, glucose, urea, sodium, potassium, phosphorus, calcium, uric acid, albumin, and osmolality in three gestational age groups. This was a cross-section study that assessed 115 samples of amniotic fluid during three different periods of pregnancy, i.e., 13 to 20, 27 to 34, and 36 to 42 weeks. Concentrations of creatinine, NAG, urea, potassium and uric acid increased during pregnancy (P<0.05). ß2-Microglobulin, glucose, sodium, phosphorus, calcium, and albumin concentration and osmolality decreased (P<0.05), whereas ß2-microglobulin, glucose and uric acid presented significant correlations with gestational age and creatinine, respectively (r>0.6, P<0.05). Urea, potassium and phosphorus showed mild correlations with both (r>0.5, P<0.05). NAG, sodium, albumin and osmolality did not show significant correlations (r<0.5, P<0.05). These tests confirmed the important role of creatinine in terms of correlation with gestational age. ß2-Microglobulin, glucose and uric acid were significant as markers of function and maturation of fetal kidneys, whereas NAG did not demonstrate a useful role for the assessment of renal maturation. 
Introduction
A normal volume of amniotic fluid was initially considered as the only index of fetal kidney development, but the origin and concentration of many biochemical substances later began to be investigated (1, 2) . Many advances in diagnostic methods during the prenatal period, mainly in sonography, have made it possible to evaluate fetal anatomy, maturity, well being, and a large number of fetal abnormalities, including those of the urinary system. Lettgen et al. (3) reported that about 50% of all sonographic abnormalities in the fetus were malformations of the kidneys and urinary tract. According to Grupe (4) and Shackelford et al. (5) , the sonographic findings were not sufficient to assess renal function.
Analysis of creatinine and urea in amniotic fluid permits an evaluation of renal maturation and functionality throughout pregnancy (6) (7) (8) (9) . Creatinine values in the amniotic fluid that best represent fetal maturity are 1.5 to 2.0 mg/dl (6, 10) . A creatinine concentration of 1.75 mg/dl or more correlates significantly with a gestational age of 37 weeks or more (11) . Other biochemical markers such as N-acetyl-ß-D-glucosaminidase (NAG) (12) and ß2-microglobulin (13) have been used as an index of renal maturity.
In cases of malformations such as obstructive uropathy, the concentrations of sodium, ß2-microglobulin and the osmolality of the fetal urine are important to evaluate fetal impairment and the necessity of catheter placement (14) . The aim of the present study was to determine amniotic fluid changes evaluated by biochemical renal markers in three gestational age groups of normal pregnancies.
Patients and Methods
In a cross-section study we selected 115 pregnant patients from the Hospital de Clínicas de Porto Alegre, from January 1998 to December 1999. The pregnant women were divided into groups corresponding to three different periods of pregnancy, i.e., 13 to 20 weeks (group 1), 27 to 34 weeks (group 2) and more than 36 weeks (group 3). Gestational age was determined on the basis of the last menstrual period and by timing sonograms. The amniotic fluid samples of group 1 were drawn by amniocentesis from pregnant women who were attended at Hospital de Clínicas de Porto Alegre for cytogenetic evaluation. Group 2 and 3 samples were drawn by amniocentesis from pregnant women who presented fetal risk or by cesarean section indicated only for obstetrical reasons.
The exclusion criteria were as follows: pregnant women with serum creatinine >0.9 mg/dl, oligohydramnios, chorioamnionitis, chromosomal abnormalities, congenital defects, use of nephrotoxic drugs during pregnancy, pregnant women with unreliable gestational age, hypertension or diabetes, and Rh-sensitized and pregnant women who had a cesarean section for newborns with fetal distress or Apgar score below 7 in the first minute. If subsequent cytogenetic study presented any anomaly, patients were also excluded. Maternal blood was drawn by venipuncture without anticoagulants at the same time as the amniotic fluid sample. All amniocenteses were performed by the transabdominal route using a 22-gauge spinal needle or during a cesarean section after hysterotomy, with removal of approximately 10 to 20 ml of amniotic fluid. Samples containing blood or meconium were discarded. Amniotic fluid and maternal blood samples were stored at -20ºC if not analyzed on the same day and a reading was carried out within two weeks at the Biochemistry and Radioimmunoassay Laboratories of Hospital de Clínicas de Porto Alegre.
Creatinine, NAG, ß2-microglobulin, glucose, sodium, potassium, urea, phosphorus, calcium, uric acid and albumin concentrations, and osmolality were determined in amniotic fluid and maternal serum. Some samples of amniotic fluid were too small to analyze all markers. Creatinine, urea, uric acid, calcium, glucose, phosphorus and albumin are reported as mg/dl, osmolality as mOsm/l, and sodium and potassium as mEq/l.
Creatinine, urea, uric acid, glucose, calcium, phosphorus, albumin and osmolality were all determined with an automatic analyzer ("Mega Kits Merck Diagnostic"). NAG analysis was performed in Ul/min by colorimetry using substrates such as 4-phenyl-Nacetyl-glucosamine and nitrate buffer. ß2-Microglobulin was determined by the Immulite technique and is reported as ng/ml.
The study was approved by the Ethics Committee of Hospital de Clínicas de Porto Alegre. All samples were obtained after the patients were informed about the potential risks and the objectives of the study and gave written consent to participate.
Statistical analysis
A data base was created using the EpiInfo 6.04 program (CDC, Atlanta, GA, USA). Statistical analysis was carried out using the SPSS 8 program. All data are reported as means ± SD and range of measured levels. Differences in mean concentrations of the variables among the three selected amniotic fluid periods were analyzed by one-way analysis of variance (ANOVA). Nonparametric Kruskal-Wallis tests were applied when variable distribution did not adjust to the normal curve. The Duncan test was used when ANOVA or Kruskal-Wallis identified any difference among the three gestational periods. We used a formula based on a 95% confidence interval and standard error to determine the normal values of the results. Linear regression analysis and Pearson's or Spearman's correlation coefficient (r) were used to determine significant relationships between the biochemical variables. Statistical significance was established at P<0.05.
Results
For a total of 115 pregnant women included in the study, 37 samples (32.2%) were obtained during the first period (13-20 weeks), 18 (15.5%) during the second (27-34 weeks) and 60 (52.2%) during the third (36-42 weeks). During the first period the mean age of the pregnant women was 34 years, significantly higher (P<0.05) than the second (27 years) and the third (26 years). All biochemical markers studied showed a significant difference at least between two of three gestational periods when we applied ANOVA or the Kruskal-Wallis test. The Duncan test was used to determine differences. Table 1 shows the values of the biochemical markers throughout gestation. Creatinine was significantly increased throughout gestation (P<0.01). This increase was also demonstrated by urea, potassium and uric acid (P<0.01). NAG showed a signifi- cantly increase only between the first and third period. On the other hand, ß2-microglobulin and glucose demonstrated significant decreases throughout pregnancy (P<0.01). Sodium, calcium, albumin and osmolality showed a significant (P<0.01) decrease only between the first and third period. Phosphorus showed a significantly decreasing growth profile between the first and third period and a nonsignificant increase between the second and third period. Table 2 shows Pearson's correlation coefficient between creatinine and gestational age and biochemical markers. We observed significant correlations (r>0.6) between gestational age and creatinine (r>0.85, P<0.01), ß2-microglobulin (r>-0.73, P<0.01), glucose (r>-0.65, P<0.01), and uric acid (r>0.78, P<0.01).
We also observed significant correlations between creatinine and ß2-microglobulin (r>-0.68, P<0.01), uric acid (r>0.80, P<0.01), glucose (r>-0.60, P<0.01), potassium (r>0.62, P<0.01) and urea (r>0.54, P<0.01). Significant correlations were also observed between sodium and osmolality (r>0.63, P<0.01) and between uric acid and ß2-microglobulin (r>-0.61, P<0.01). Figure 1A to 1E shows the profile of creatinine, NAG, ß2-microglobulin, sodium and uric acid determined at the three time points throughout gestation.
The present study did not identify any influence of maternal age, race, parity, or 
fetal sex on the results and maternal blood also did not show any influence on amniotic fluid parameters.
Discussion
The fetal kidneys start to develop during the 4th and 5th weeks of gestation and begin to excrete urine into the amniotic fluid at the 8th to 11th week (15, 16) . At the 20th week the fetal kidneys produce most of the amniotic fluid (17, 18) . Therefore, important changes are expected in the composition of amniotic fluid as gestation progresses and fetal maturation occurs. As new diagnostic methods and new treatments advance the possibility to solve fetal anomalies, or as an improvement of quality of life becomes possible, the necessity arises for a multidisciplinary team to decide for the continuation or interruption of pregnancy.
Renal maturity is defined by the increase in glomerular filtration and by the maturity of renal tubular cells that begin to express various tubular transporters over the months of gestation (9, (19) (20) (21) . Glomerular filtration in the fetal kidney can be assessed by the concentrations of creatinine and urea in the amniotic fluid (12) . The evaluation of renal maturity can also indicate fetal maturity (17, 18) . In non-pregnant women, creatinine, urea, NAG, ß2-microglobulin and other biochemical markers are used to evaluate the complex functioning of human kidneys. In the first half of pregnancy, creatinine concentrations are similar in maternal serum and in amniotic fluid (17) .
Pregnant women in the first gestational group had a mean creatinine concentration of 0.6 mg/dl in the amniotic fluid, similar to that found in maternal serum.
Creatinine concentrations in amniotic fluid increased gradually between 20 to 32 weeks of gestation and more rapidly thereafter, when they were two to four times higher than in maternal serum (9, 22, 23) . Creatinine concentrations of 2 mg/dl represent an age of at least 37 weeks of gestation (24) . We observed an increase in creatinine and urea in the third trimester. It seems evident that the origin of these two markers is a function of filtration in the fetal kidneys. Creatinine demonstrated a significantly increasing growth profile throughout pregnancy as determined at all three gestational times. Creatinine values from 36 weeks of gestation (1.72-1.95 mg/dl) fully agreed with data reported in other articles, which confirmed renal maturation (11) . The increasing growth profile of creatinine and urea throughout normal pregnancy is due to glomerular filtration and maturation of tubular function.
The function of the renal tubule system, specifically proximal tubules, can also be assessed by the concentrations of ß2-microglobulin and NAG in the third trimester of gestation (1, 25) . ß2-Microglobulin is a light chain polypeptide of the HLA class I antigen complex. It was first isolated in 1968 from the urine of patients with Wilson's disease and cadmium poisoning. Its function is unknown, but this protein may control the expression and biosynthesis of antigens on the cell surface. Because of its low molecular weight, 99% of all free ß2-microglobulin is rapidly eliminated by glomerular filtration (26, 27) .
In primary diseases of renal tubules, where tubular damage and tubular acidosis occur, the urinary excretion of ß2-microglobulin can increase due to a reduced reabsorption of this molecule (22, 28) . Fetuses produce ß2-microglobulin, with serum levels being detectable from the 11th week of gestation. ß2-Microglobulin produced by the fetus is filtered and reabsorbed by proximal tubules, with an expected reduction in its concentrations at week 36 in normal pregnancies. This reduction can be considered as an index of renal tubular maturation (22, 28) .
ß2-Microglobulin showed a significantly decreasing growth profile (P<0.05), as previously reported by Zimmerhackl et al. (29) . Theories can explain it as a reduced transfer of maternal blood, a dilution mechanism or reduced production in the third trimester but there is no proven theory (30) . ß2-Microglobulin showed a good correlation with levels of creatinine, uric acid and gestational age, suggesting its importance as a renal marker.
NAG is a high molecular weight lysosomal enzyme present in renal tubular cells (1, 31) . The excretion rate is not affected by serum concentrations since NAG is not filtered by the glomeruli. Increased NAG values are found in various renal diseases and therefore can reflect renal damage (27) .
In our study, NAG showed a significantly increasing growth profile between the first and third gestational groups. The higher values in later stages of pregnancy could reflect fetal growth and the greater mass of fetal kidneys (27) .
Our results showed a decreasing glucose growth profile throughout gestation. This decreasing profile and a good correlation with creatinine and gestational age suggest that glucose is a good indicator of renal maturation. Sodium reabsorption by the fetal kidneys at the end of pregnancy is about 85 to 95% of the filtered load. Therefore, the fetal urine is usually hypotonic compared to plasma, indicating very efficient reabsorption capacity in the collecting duct (32, 33) . Our results are compatible with a larger reabsorption of sodium and lower concentrations in the amniotic fluid in the third trimester of pregnancy, as already demonstrated by other authors (15, 34) .
It was also possible to demonstrate lower concentrations of osmolality in the amniotic fluid in the third trimester of gestation and a good correlation between sodium and osmolality which would be expected due to their close physiologic relationship.
Almost complete development of the fetal kidneys with adequate functioning of all receptors that carry out transport in the renal cells would be expected to occur in the third trimester. For example, the Na-K-ATPase protein present in all tubular segments has a main role in sodium reabsorption. There is an increasing growth of this protein during renal development, which is also accompanied by a larger capacity of renal tubules to transport sodium and water (32, 33) .
Potassium demonstrated a slightly increasing growth profile throughout gestation, confirming observations reported by Benzie et al. (24) . These results are in accordance with the maturation of distal and collecting tubules that are responsible for potassium handling by the fetal kidneys (20, 35) .
Uric acid presented higher concentrations at the end of gestation, similar to results reported by Bauk et al. (10) . Calcium, phosphorus and albumin, all substances processed by different segments of the renal tubules, showed significant differences between the first and third gestational groups, in contrast to data reported by others (34) . Osmolality was similar to the levels reported in the classic work of Mandelbaum and Evans in 1969 (36) .
As gestation progresses, the fetal kidneys follow the same developmental principles as adult kidneys. In man, the basic histoarchitecture of the kidney has formed by 32 to 36 weeks of gestation, and no new nephric units form after this period (37) .
Since creatinine represents the most accurate renal marker, we considered as good indicators of maturation and renal function all markers that presented Pearson's or Spearman's correlation coefficient greater than 0.6 with gestational age and creatinine simultaneously. The profile of biochemical markers throughout gestation regardless of correlation coefficients demonstrates the physiology of amniotic fluid as the fetal kidneys mature.
ß2-Microglobulin, glucose and uric acid presented important correlations with creatinine and gestational age, which suggest that they are good indicators of renal development during gestation. Urea, potassium and phosphorus presented mild correlations, which suggest that they may be possible indicators of renal development during gestation. NAG showed a weak correlation with both, which suggests that this enzyme is not a good indicator of renal maturation. Similar results were obtained for sodium, calcium, albumin and osmolality.
The heterogeneity of our patients is a limitation of our study but for ethical reasons it was felt to be proper to obtain samples of amniotic fluid only when there was a medical indication for this procedure. Despite the reduced number of pregnant women in the second group (27 to 34 weeks), the statistical power of the data was good enough to analyze all our variables. This reduced number was due to all exclusion criteria used to select the patients.
Patients selected in the first period were significantly older (34 years) compared to the other two periods. This was expected because most of these patients had advanced maternal age as one of the indications for amniocentesis.
The precise mechanisms underlying structural, molecular and cellular aspects during nephrogenesis only recently have begun to be studied. The process of undifferentiated cells forming proximal tubules, loops of Henle, distal tubules, and collecting urinary system with the creation of a system for transportation of water and solutes is a vast field of investigation (15) . There are a great deal of renal syndromes such as aplasia, hypoplasia, dysplasia, neoplasm and cystogenesis that result from abnormal nephrogenesis (38) . Therefore, the study of fetal kidney development during embryogenesis as well as knowledge of the functioning of various cellular transporters during gestation can provide important information about the physiology and pathophysiology of many syndromes that occur during gestation.
